The effect of film thickness on the electrical properties of boron-doped LPCVD polysilicon films with doping concentration ranging from 1 x 1017 to 1 x 10 TM cm -3 has been characterized from 1.2 ~m down to 0.1 ~m. The resistivity increases exponentially as the film thickness decreases, rather than remaining constant, and the rate of increase is a strong function of doping concentration. After a quantitative study on the physical mechanisms which can affect the resistivity as film thickness decreases, the carrier trapping effect due to grain-size variation at different film thicknesses is shown to be the dominant factor. A trapping model without assuming the depletion approximation can explain well the experimental data and enhances understanding of the resistivity behavior as the polysilicon film thickness decreases.
Polycrystalline-silicon (polysilicon) material is composed of aggregates of single crystal grains with a grain boundary between adjacent grains. The grain boundary is a transitional region between different orientations of neighboring crystallites. Polysilicon films have been widely used in integrated circuits such as silicon gates, interconnections, passivation or isolation layers, diffusion sources, resistors, monolithic distributed RC filters, diodes, active devices, and redundancy programming elements. Its increasing range of applications ensures the importance of this material in the coming era of VLSI.
Since the demand for better performance and higher packing density of VLSI circuits requires the device size to be scaled not only in the horizontal but also in the vertical direction, the thickness of polysilicon films used in most integrated-circuit applications has been scaled from several micrometers (1, 2) down to tenth of a micrometer (3) . In addition, the film deposition generally has changed from atmospheric-pressure chemical vapor deposition (APCVD) (1, 2) to low-pressure chemical vapor deposition (LPCVD) (4) for better film quality and higher throughput. As a result, understanding of the thickness scaling effect on the electrical properties of LPCVD polysilicon films in the submicrometer range is important for device design in VLSI circuits.
Kamins (1) studied the thickness dependence of Hall mobility and resistivity in APCVD polysilicon films, which had thickness ranging from 3 to 24 ~m and were doped by diffusion with concentrations ranging from 10 '8 to 1019 cm -3. Resistivity of these polysilicon films decreases with increasing film thickness. Kamins showed that this decrease in resistivity is due mainly to the increase of mobility. Because an APCVD polysilicon film with thickness larger than several micrometers is composed of a few layers of grains stacked in the thickness direction, the measured mobility is actually an average mobility over the film thickness. The mobility near the top surface is larger in a thicker film because the grain size becomes larger. Mei et al. (5) studied the resistivities of APCVD polysilicon films which had thickness down to 0.25 ~m and were doped by phosphorus ion implantation with a concentration of 1.2 x 1019 cm -3. The resistivity also decreases with increasing film thickness. It was reasoned that this resistivity increase is due mainly to dopant segregation to the interface between polysilicon film and its underlying oxide layer. Recently, Colinge et al. (6) proposed a theoretical equation [Eq. [5] in (6) ] for the mobility in polysilicon films, which considers the effect of film thickness by including--the polysilicon/oxide interface scattering mechanism. They used 1.95 ~m as the mean free path of electrons in silicon, which implies that if a polysilicon film thickness is reduced to the range of 1.95 ~m, the effect due to collisions of electrons to the polysilicon/oxide interface can become a dominant factor to cause the resistivity increase.
The above review shows that the effect Of film thickness on the electrical properties of LPCVD polysilicon films at different doping concentrations has not been fully understood and that, in fact, different viewpoints exist on the dominant mechanism for the resistivity changes as the film thickness decreases. In this work, therefore, we first characterized the electrical properties of borondoped LPCVD polysilicon films which had thickness ranging from 1.2 down to 0.1 ~m and doping concentration ranging from 1 • 10 '7 to 1 x 1019 cm -~. It will be shown that as the film thickness decreases, the resistivity increases exponentially, rather than remaining constant as in conventional resistor materials, and the rate of increase is a strong function of doping concentration. There are several possible physical mechanisms to cause this increase, such as polysilicon/oxide interface scattering, dopant segregation to the grain boundaries, dopant leaching or loss, dopant segregation to the polysilicon/oxide interface, and changes of the number of carriers trapped into grain boundaries because of grain-size variations. A detailed quantitative analysis will show that the dominant mechanism causing the resistivity increase is the carrier trapping effect due to grain-size reduction.
Experimental Results
Sample preparation and measurements.--Undoped polysilicon films 0.1-1.2 ~tm thick were deposited onto 0.80 ~m thick SiO2 layers thermally grown on silicon wafers. The deposition was done in an LPCVD reactor at 620~C by H2 ambient pyrolysis of sflane with a deposition rate of 80 A/min. The implanted boron doses were selected to give calculated doping concentrations at three different levels: 1 x 1017, 2 • 10 '8, and 1 x 10 TM cm -3. The calculations assumed a uniform dopant profile and no dopant loss. The implantation energies were selected to yield a maximum implantation dose near the center of the polysilicon films. After the devices were patterned by plasma etching, a 0.80 ~tm-thick CVD oxide layer was deposited at 430~ Contact windows were opened, and the wafers were divided into two groups. One group had the contact windows implanted heavily with boron to give p+
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contacts; t h e other group did not h a v e this i m p l a n t a t i o n . All t h e wafers were t h e n a n n e a l e d at 900~ for 420 rain in N2 to r e m o v e t h e i m p l a n t a t i o n d a m a g e a n d to e n s u r e uniform d o p a n t distribution. A 1.0/~m-thick a l u m i n u m layer was d e p o s i t e d a n d defined over t h e c o n t a c t areas. T h e contacts were alloyed at 450~ for 20 m i n in N2. T h e devices i n c l u d e d different s h a p e s of resistors, v a n d e r P a u w s t r u c t u r e s (8), a n d cross-bridge s t r u c t u r e s (8) .
T h e t h i c k n e s s of polysilicon film was m e a s u r e d by an a-step profiler. The grain s t r u c t u r e a n d grain size were studied u s i n g t r a n s m i s s i o n electron m i c r o s c o p y (TEM) t e c h n i q u e s . F i g u r e 1 shows the typical cross-sectional T E M m i c r o g r a p h s . It was f o u n d t h a t all t h e grain structures of u n d o p e d a n d d o p e d s a m p l e s were conical, a n d no significant recrystallization was observed, in c o n t r a s t to the r e p o r t e d grain g r o w t h in p h o s p h o r u s -d o p e d s a m p l e s in Ref. (9) . F r o m t h i n to t h i c k polysilicon films, the surface r o u g h n e s s b e c o m e s worse, a n d t h e grain size at t h e top of the surface, w h i c h c o r r e s p o n d s a p p r o x i m a t e l y to t h e distance b e t w e e n t h e hillocks (9), increases. A quantitative m e a s u r e m e n t of the grain, size was p e r f o r m e d u s i n g top-viewed T E M m i c r o g r a p h s s h o w n in Fig. 2 . Two m e t hods were used, a n d the results agreed well. One m e t h o d was to m e a s u r e t h e area of a certain region a n d to c o u n t the n u m b e r of grains w i t h i n t h a t area. T h e average grain size L is calculated from t h e following e q u a t i o n L = ( a r e a / n u m b e r of grains)~ [1] w h e r e m is t h e m i c r o g r a p h magnification factor. The other m e t h o d (10) was to d r a w a line a n d to c o u n t t h e n u m b e r of grains across t h e line. T h e average grain size is
L --. (line l e n g t h / n u m b e r of grains)/m [2] T h e m e a s u r e d grain size decreases as t h e film t h i c k n e s s d e c r e a s e s (Fig. 3). By u s i n g t h e s e c o n d a r y ion mass s p e c t r o s c o p y (SIMS) t e c h n i q u e (11)
, d o p a n t profiles were p r o v e n uniform, a n d no significant d o p a n t loss was observed. T h e S I M S analysis was d o n e with a 12 keV 02 + b e a m raster s c a n n e d a n d gated to a c c e p t 20% of t h e central portion. C h a r g i n g problems were m i n i m i z e d b y u s i n g t h e electron flood g u n a n d i n t e g r a t i o n of t h e s e c o n d a r y ion e n e r g y distribution. We u s e d a 50 k e V b o r o n i m p l a n t a t i o n with dose of 5 x 1014 c m -2 as a standard. T h e m e a s u r e d d o p i n g concentrations were w i t h i n 20% of t h e projected values. Figure 4 shows typical SIMS profiles of s a m p l e s w h i c h h a v e proj e c t e d d o p i n g levels of 2 • 10 TM cm -3 'and t h i c k n e s s of eit h e r 0.2 or 1.0 ~m.
Electrical m e a s u r e m e n t s i n c l u d e d the I-V characteristics, resistivity, a n d Hall voltages. Resistivity was always m e a s u r e d over t h e linear I-V r a n g e w i t h small applied bias. S h e e t r e s i s t a n c e s for some h i g h -v a l u e resistors were difficult to o b t a i n from the Hall setup a n d were calculated, therefore, from m e a s u r e d r e s i s t a n c e a n d device geometry.
Results.--The m e a s u r e d sheet r e s i s t a n c e vs. film thickness at r o o m t e m p e r a t u r e is s h o w n in Fig. 5a for a d o p i n g c o n c e n t r a t i o n of 1 • 1017 c m -~, a n d in Fig. 5b for 2 x 1018 cm -3. T h e contacts b e t w e e n a l u m i n u m a n d polysilicon in s a m p l e s w i t h o u t p+ c o n t a c t d o p a n t s are o h m i c at small applied voltage. I n c l u s i o n of the p+ c o n t a c t d o p a n t s does not significantly affect t h e sheet resistance. Figure 5a a n d 5b s h o w s t h a t w h e n t h e film t h i c k n e s s decreases, t h e sheet r e s i s t a n c e increases exponentially. T h e t h i c k n e s s d e p e n d a n c e of t h e resistance is c o n s i d e r a b l y larger at a d o p i n g c o n c e n t r a t i o n of 2 x 10 TM c m -3 t h a n at 1 x 10 '7 c m -3. T h e resistivity, w h i c h c a n be calculated b y multiplying the s h e e t resistance b y the film t h i c k n e s s , is also I-ig. 2. Top view TEM micrographs of the samples in Fig. 1 ) unless CC License in place (see abstract shown in Fig. 5a and 5b as a function of film thickness. A rapid increase of the resistivity with decreasing film thickness occurs, especially at thickness less than 0.8/~m. This behavior is different from ohmic resistors of other materials, the resistivity of which is generally independent of thickness.
Theoretical Interpretation
Two theories have been proposed to model the transport properties of doped-polysilicon films. The first is a dopant-segregation model, where the grain boundary serves as a sink to cause preferential segregation of dopant atoms that become inactive at the boundary (12, 13) . This model, however, cannot explain the mobility minimum at a critical doping concentration, the temperature dependence of the resistivity, and the hyperbolicsine I-V behavior of polysilicon resistors at high electric field. The second theory is a carrier trapping model (1, 2, 7, (14) (15) (16) , where the trapping states inside the grain boundary, due to defects and incomplete atomic bondings, can trap free carriers from the ionized dopants. This process not only reduces the number of free carriers, but also creates a potential barrier surrounding the grain boundary, which impedes the motion of carriers from one crystallite to another. This model better explains the sharp changes of resistivity with doping concentration, the mobility minimum, the temperature dependence of resistivity, and the hyperbolic-sine I-V behavior at high J. Electrochem. Soc.: SOLID-STATE electric field. Even if the dopants do segregate, the trapping model can still be applied, based on an active dopant concentration that can be obtained by subtracting the inactive dopant concentration from the actual doping concentration (15, 17) . For thin-film polysilicon resistors, several physical mechanisms may cause the observed resistivity increase when film thickness decreases. The effect of these mechanisms will be considered individually below.
Scatterings at horizontal grain boundaries and polysilicon/oxide interface.--TEM results on LPCVD films
show that the grain structures in all samples having different film thicknesses are conical. In such conical structures, grain boundaries rarely occur in the direction parallel to the polysilicon/oxide interface, in contrast to the randomly stacked grain structures usually observed in APCVD polysilicon films. If the structure had many stacked layers of such horizontal grain boundaries, the resistances of the samples with p+ contact dopants could not be the same as those without the contact dopants because the grain boundary is a high resistance region. However, it is found that the resistances of samples with p+ contact dopants are approximately equal to those without p+ contact dopants. This demonstrates that, even though horizontal grain boundaries may exist occasionally, they do not seriously disturb the current flow, and the possibility of carriers colliding with the horizontal grain boundaries is low. Since the mean free path of carriers in the intrinsic silicon is approximately 200A, 1 which is much smaller than the thinnest film thickness in our samples, the carriers should have had several collisions before scattering at the polysilicon/oxide interface. As a result, the scattering effects due to both polysilicon/oxide interface and horizontal grain-boundaries should not be the dominant factor responsible for the resistivity increase (18) in LPCVD polysilicon films with thickness down to 0.1 ~m. Another piece of indirect evidence to support the conclusion is that when the oxide layer above polysilicon film is removed, the measured resistance does not change too much from the resistance of samples with the top oxide layer present, and the rate of resistivity increase as the films become thinner is almost the same. In addition, that different rates of the resistivity increase at different doping concentrations is difficult to explain based on scattering effect. Dopant segregation to grain boundaries.--Although the amount of dopant segregation to grain boundaries can be a function of film thickness, Mandurah et al. (19) showed that no significant segregation effect occurs in borondoped polysilicon films. In our boron-doped samples, the grain-boundary segregation should not be the dominant factor for the resistivity increase.
Dopant leaching or loss.--After inplantation and before
annealing, the samples were coated with a thin layer of low temperature deposited oxide to protect their surfaces from furnace ambient and to prevent loss of dopants during the high temperature process. The SIMS results (Fig.  4) proved that the actual doping concentration in the polysilicon film is close to the projected value within 20% variation, and no significant loss was found even in the thinnest samples. Fig. 4 , no significant pileup of the dopants was found at the polysilicon/oxide interface in the samples with doping concentration up to 2 x I0 ~8 cm -3. It should be noted that an electron flood gun for charge compensation was employed.
Segregation to polysilicon/oxide interface.--From the SIMS results as shown in
While not shown in Fig. 4 , the silicon signal remained constant when sputtering through the Si/SiO2 interface. It has been shown (20) that at normal incidence 02 + bombardment, silicon is completely oxidized to SiO2. At a doping level of 1 • 1019 cm -~, a small pileup of the dopants has been observed; however, its amount is not so significant as to affect the absolute doping level in the film. This effect can become important at higher doping concentration.
The mean free path k is Vth(m*~t/q), where vth is thermal velocity of the carriers, vth = (3kT/m*) ~ and ~ is mobility. In intrinsic silicon, X ~ 237A for holes and ~204A for electrons at room temperature. In a doped silicon crystallite, k is even smaller. For ex- 2O 3 ample, k ~ 130A at a doping concentration of around i0 cm-.
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Carrier trapping.--Before a quantitative calculation of the carrier trapping effect on the resistivity change due to reduction of film thickness, general features of the carrier trapping model are briefly reviewed here. Several assumptions were made in the previous trapping models (2, 15) to simplify the calculation. The polysilicon film is assumed to be composed of identical crystallites having a grain size L, and the grain boundary is assumed to contain Qv cm -~ of traps located at an energy level of eT with respect to the intrinsic Fermi level at the grain boundary (Fig. 6) . The traps are assumed to Re initially neutral and become charged by trapping carhers. When dopants are added into polysilicon films, some of the mobile carriers around the grain boundary are trapped by the trapping states in the grain boundary, resulting in a depletion region. Using these assumptions, an abrupt depletion approximation was used to calculate the energy band in the crystallites. For a given grain size, since the effective trapping states in the grain boundary are finite, there exist two possible conditions, depending on the doping level. If the doping concentration is high, the crystallite can only be partially depleted and a neutral region remains (Fig. 6b) . If the doping level is decreased to a critical doping concentration N*, the crystallite is totally depleted (Fig. 6c) . Because the crystallite becomes totally depleted, the number of free carriers remaining in the crystallite drastically decreases, thus causing a sharp resistivity increase. As the doping level further decreases, the crystallites remain in the condition of total depletion, and resistivity increases at a rather gradual rate. This explains why the resistivity vs. doping concentration curve of polysilicon films has a sharp change in slope near the critical doping level N*. Similarly, at a given doping concentration, there exists a critical grain size L* below which the grains are totally depleted. For a grain size around the value of L*, as the grain goes from partial to total depletion, the resistivity change due to grain size variation is drastic. As mentioned above, TEM results showed that when polysilicon film thickness is reduced, the grain size decreases. The effect of such grain-size change on the resistivity of polysilicon films will be examined based on the carrier trapping model below.
The previous trapping models (2, 14, 15) using the depletion approximation can clearly describe the transport properties of polysilicon films. However, the depletion approximation causes abrupt changes in the resistivity with respect to grain-size variations near the transition between the partial depletion and the total depletion condition (21) . ~ These abrupt changes can be smoothed by using a more accurate solution of Poisson's equation without assuming the depletion approximation (21) . Recently, an exact solution for polysilicon resistivity was derived, which can avoid such abrupt changes and is valid over a wide range of doping concentrations, temperatures, and grain sizes (22) . In this work, because samples are not very heavily doped and data were measured at room temperature, the exact Fermi-Dirac statistics of free-carrier distribution can be approximated by Boltzmann statistics, thus relaxing our exact analysis (22) to similar equations derived by Board and Darwish (21) , except that a more precise formulatios of the Fermi level should be used. By defining the intrinsic Fermi level in the bulk silicon Elo as zero energy and assuming the electron (hole) energy positive (negative) for upward and negative (positive) for downward direction (Fig. 6) , the Fermi level is
where NA is the doping concentration, ni is the intrinsic carrier concentration, and impurity level EA, is (15) EA= ( By varying u0, therefore, the correspbnding u, and L can be calculated using Eq. [5] and [7] 2 The resistivity is then obtained from (15)
where qVB = kT (u, -uo) and p(0) = NA exp (-u0). For simplicity, crystallite bulk resistivity is not included.
To compare theory to the experimental results, it is necessary to determine m*, permittivity e, n~, Eg, L, QT, and eT. The values of single-crystal silicon were used for the first five parameters (15) and L was measured from TEM micrographs (Fig. 3) . QT and e~ were obtained experimentally from the p vs. 1/kT curves of polysilicon resistors by using similar procedures described in Ref. (15) . The method is valid because the samples used for parameter extraction have doping concentrations away from N*, and thus the depletion approximation is valid.
This can be interpreted in terms of film thickness as follows: at a given doping concentration, when film thickness changes such that its grain size is close to L*, the abrupt depletion approximation becomes invalid.
3 The contents of Eq. [5] , [6] , and [7] are different from their corresponding expressions in Ref. (21) by including the necessary corrections. Also, since Qr could be precisely determined, the value of eT was adjusted within a reasonable degree to produce the best results of the p vs. L curves. Figure 7 shows the measured resistivities of different thickness films vs.
the measured average grain sizes. The theoretical curves agree well with the experimental data and explain the drastic increase of resistivity with decreasing film thickness. Because decrease of film thickness causes reduction of grain size, when the grain size reaches around 210A at doping concentration of 2 • i0 is cm -3, most of the grains go from partial depletion into total depletion, and the number of free carriers available for conduction drastically decreases, thus causing a sharp increase of resistivity. In contrast, at doping concentration of 2 • 101~ cm 3 for the range of film thickness studied in this work, most of the grains have been totally depleted, and therefore, the changes of resistivity are not so drastic as in those samples with doping concentration of 2 • 10 TM cm 3. As a result, the carrier trapping effect due to grainsize variation at different film thicknesses is a dominant factor for the resistivity increase in boron-doped LPCVD polysilicon films as the film thickness decreases (>-1000A).
Conclusions
The effect of film thickness on the electrical properties of boron-doped LPCVD polysilicon films has been studied down to film thickness of 0.1 /zm. It has been found that the resistivity increases exponentially as the film thickness decreases, rather than remaining constant, and the increasing rate is a strong function of doping concentration. After a quantitative study of the physical mechanisms which may affect the resistivity as film thickness decreases, the carrier trapping effect due to grain-size variation at different film thicknesses was shown to be the dominant factor. A trapping model without assuming the depletion approximation can explain the experimental observations well and enhances understanding of the resistivity behavior as polysilicon film thickness decreases. It also shows that when the polysilicon films are employed in VLSI circuits, the sensitivity of the resistivity to the film thickness must be considered in the device design (23) .
